Introduction
When energy intake exceeds energy expenditure, excess calories are stored in the adipose tissue (Spiegelman and Flier, 2001) . There are at least two distinct types of adipose tissues, white (WAT) and brown (BAT), with WAT primarily storing energy as triglycerides in lipid droplets and BAT mediating adaptive thermogenesis and dissipating chemical energy as heat. These depots play opposite roles in energy metabolism. Dysfunctional WAT accumulates in most individuals upon excess caloric intake, resulting in obesity and an enhanced predisposition to many pathophysiological changes, including diabetes, cardiovascular disease and cancer. In contrast, BAT is dramatically reduced within the first few months after birth. However, in the past few years, a higher appreciation has emerged for the fact that even humans have the ability to induce a third type of adipocyte -the "beige" or "brite" adipocyte -in specific WAT depots, with a distinct and different origin and molecular identity from classical brown adipocytes (Petrovic et al., 2010; Wang et al., 2013; Wu et al., 2012) .
PET scanning reveals substantial depots of UCP1 expressing brown-like fat, particularly in the supraspinal, supraclavicular, pericardial and neck regions of adult humans (Cypess et al., 2009; van Marken Lichtenbelt et al., 2009; Virtanen et al., 2009 ). Cold is the major physiological factor that induces the emergence of beige/brite adipocytes in WAT, but multiple peripheral factors and secreted molecules have also been identified and shown to modulate the development of beige patches in WAT (Bartelt and Heeren, 2014; Wu et al., 2013) . Centrally, specific neuronal populations, including agouti-related protein (AgRP) neurons and proopiomelanocortin (POMC) neurons in the arcuate region of the hypothalamus, have been implicated in controlling WAT beiging (Dodd et al., 2015; Ruan et al., 2014; Williams et al., 2014) . Coinfusion of insulin and leptin activates POMC neurons and leads to an increase in WAT beiging (Dodd et al., 2015) . In contrast, fasting and chemical or genetic activation of AgRP neurons suppresses the beiging of WAT (Ruan et al., 2014) . However, compared to BAT, WAT is not well innervated (Murano et al., 2009 ); Zeng and colleagues estimated that only 8% ± 4.6% of adipocytes are in direct contact with sympathetic neuronal termini (Zeng et al., 2015) . The mechanism by which the neuronal fibers control a cluster of beige adipocytes in WAT remains to be further explored.
Direct cell-to-cell contact is a possible form of local signaling for eukaryotic cells. Animal cells contain gap junctions that connect across the intercellular space and allow for signaling factors in the cytosol to easily pass between cells that are connected by this mechanism. A gap junction channel is composed of two connexons (or hemichannels), each composed of homo-or hetero-hexamers of connexin protein subunits. Different connexin channels have different structural stability (Stout et al., 2015) and conductivities; generally, these channels have a molecular weight cutoff of approximately 1 kDa, big enough to allow the passing of many ions, cAMP and other small molecules and metabolites (Weber et al., 2004) . Thus far, 21 human genes and 20 mouse genes for connexins have been identified. Each connexin shows tissue-or cell type-specific expression, and most organs and many cell types express more than one connexin. Several reports describe that gap junction function is tightly modulated during WAT and BAT development (Schneider-Picard et al., 1980; Yanagiya et al., 2007) . Adipocytes in BAT of adult mice seem functionally connected via gap junctions, whereas adipocytes in WAT appear to be connected much less effectively (Burke et al., 2014) .
Using a lucifer yellow (LY) dye-based coupling approach to gauge intercellular communication, we find that cold-induced beige adipocytes are coupled at a much higher percentage compared to white adipocytes, and this coupling is specifically mediated by Cx43 channels. Our groups have previously shown that the inducible activation of Xbp1s in POMC neurons results in enhanced sympathetic outflow, resulting in acutely increased beiging. Here, we show that blocking Cx43 channels with a chemical inhibitor, such as 18αglycyrrhetinic acid (AGA), greatly reduced WAT beiging induced by POMC neuronspecific Xbp1s overexpression. A UCP1 promoter driven inducible Cx43 gene deletion also reduced cold-induced WAT beiging to levels similar to those observed in chemically denervated WAT. In contrast, AAV-mediated Cx43 expression in adipose tissue promotes WAT beiging in mice individually housed, even at room temperature. When in vitro differentiated adipocytes were treated with 8-bromo-cAMP, a cell membrane permeable analog of cAMP, increased Cx43 expression is noted. Based on these observations, we postulate that sympathetic nerves activate adipocytes they innervate via synapses, leading to an increase in intracellular cAMP. This in turn increases and activates Cx43 gap junction channels, allowing efficient propagation of sympathetic signals to surrounding cells in WAT, thereby allowing the activation of entire clusters of beige adipocytes through innervation of a single cell. Since Cx43 expression is reduced in obesity and aging, upregulating Cx43 may be a viable strategy to overcome the reduced beiging under these conditions and thereby improve metabolic function.
Results

Increased Gap Junction Activity and Cx43 Expression during WAT Beiging
Sympathetic stimulation has long been recognized to mobilize fatty acids from adipose tissues (Dalziel, 1989) . However, WAT is sparsely innervated compared to BAT. Cinti and colleagues demonstrated that tyrosine hydroxylase positive nerve fibers (indicative of noradrenergic fibers) increased after cold acclimatization in adipose tissue, but the penetrance is still too low for neural fibers to reach every adipocyte within the fat pad (Murano et al., 2009) . Given the prominent clustering pattern of beige adipocytes in WAT, we decided to determine whether those beige adipocytes were interconnected. A gap junction permeable dye (LY) was injected into unilocular adipocytes in mice housed at thermoneutrality (30°C). This revealed very rare occurrences of diffusion ( Fig. 1A , left panel). In contrast, LY injected into adipocytes from mice housed at 6°C with multilocular lipid droplets in WAT (typical characteristics of beige adipocytes) diffused to an average of 1.75 surrounding cells ( Fig. 1A , right panel), suggesting increased gap junction connectivity in beige adipocytes compared to white adipocytes.
To investigate genes responsible for increased gap junction connectivity, we performed a microarray study to compare gene expression of fat pads from mice housed in the cold (6°C) versus fat pads from mice housed at thermoneutrality (30°C). Ingenuity pathway analysis revealed an upregulation of pathways related to mitochondrial dysfunction, oxidative phosphorylation, TCA cycle and glycolysis, confirming the functional effects of the cold temperature on WAT ( Fig. 1B) . WAT beiging signature genes (UCP1, PGC1-α, and multiple mitochondrial genes) were also upregulated (Suppl. Table 1 ). There was a 2.90 fold increase of Gja1, the gene encoding the Cx43 protein. No other connexin genes were detected by the same microarray experiment (Suppl. Table 1 ).
These data agree with previous studies that identified Cx43 as the most abundant connexin gene in the adipose tissue (Burke et al., 2014) . Using qPCR assays, we verified that cold induces Cx43 gene expression 15-fold, a much higher de facto increase than the 2.90-fold change indicated by our microarray study. The β3 agonist CL316,243 also increased Cx43 expression by 5-fold (Fig. 1C ). There was no effect of cold exposure or CL compound treatment on expression of other connexin genes, such as Cx26, Cx30.2, Cx32, Cx36 or Cx47, all of which are much less abundantly expressed and unaltered in terms of their levels compared to Cx43 (Fig. 1C ).
UCP-1 Promoter Driven Cx43 Deletion Does Not Affect BAT Physiology and Thermal Adaptation to the Cold
To test the role of Cx43 in cold adaptation and BAT physiology, we generated a compound transgenic mouse model that is heterozygous for UCP1-rtTA and tetO responsive element (TRE)-Cre and homozygous for Cx43 flox alleles. Cx43 is deleted in UCP1 positive cells upon doxycycline (DOX) supplementation ( Fig. 2A ). The UCP1 promoter has the strongest activity in BAT, so we first investigated how the deletion of Cx43 affected the BAT morphology and function. 3 weeks after DOX supplementation in the diet (600mg/kg), there is a comparable 30%-40% decrease in Cx43 transcripts in either Cx43-KO BAT whole tissue lysates or isolated BAT adipocytes (Suppl. Fig. 1A ). BAT has a dense vasculature that displays very high levels of Cx43 expression. Therefore, Cx43 expression levels from lysed preparations of BAT not only represent the Cx43 expression levels in the brown adipocytes per se, but reflect Cx43 protein expression in many different cell types within BAT. The higher resolution obtained with immunofluorescence staining reveals a much more robust deletion of Cx43 in BAT ( Fig. 2B and 2C ). There was no difference in body weight or glucose tolerance in Cx43-KO mice after 3 weeks of DOX supplementation on normal chow (Suppl. Fig. 1B and 1C ). Despite the robust Cx43 reduction in Cx43-KO BAT, there were no distinguishable differences in morphology revealed by Trichrome staining (Fig. 2D ) or H&E staining (Suppl. Fig. 1D ).
One prominent function of BAT is thermal regulation during cold stress (Cannon and Nedergaard, 2004) . UCP1 knockout mice or mice with dysfunctional BAT are cold intolerant (Enerback et al., 1997) . In an acute cold tolerance test, both control and Cx43 KO mice started with body temperatures close to 37°C. Upon 4 hours housing at 6°C in the absence of food, body temperatures of both groups dropped comparably by 5°C ( Fig. 2E ). During acute short-term cold exposure, it is mainly muscle shivering that contributes to heat production (Cannon and Nedergaard, 2004) . However, during prolonged (1 week and 3 weeks) cold exposure, a state during which heat generation heavily relies on functional BAT, body temperature also dropped to a similar extent independent of the presence or absence of Cx43 ( Fig. 2H ). During this 3-week time course, both groups gained a similar amount of body mass ( Fig. 2I ). At the end of 3 weeks of cold exposure, the same group of mice were switched back to room temperature for 2 hours to recover to normal body temperature, and then were exposed to cold again to repeat the acute cold tolerance test. With "pre-activated" BAT, Cx43 KO mice behaved identically ( Fig. 2F ). Histological analysis of Cx43-KO mice post-chronic cold exposure did not show any differences in adipose tissue histology from control mice ( Fig. 2G and Suppl. Fig. 1E ). Combined, all these assays suggest that Cx43 KO mice have a normal BAT function.
UCP1 Promoter Driven Cx43 Deletion Blunts Cold Induced Metabolic Improvement
Beige adipocytes also have abundant UCP1 protein in their mitochondria when compared to mitochondria from BAT (Kazak et al., 2015) , suggesting a strong UCP1 promoter activity in beige adipocytes. Indeed, UCP1 is highly induced in subcutaneous WAT (sWAT) after 48hour cold exposure (due to the widespread increase in beige adipocytes) ( Fig. 3A) . As a consequence, CRE recombinase expression driven by UCP1-rtTA is also highly induced by the cold in the presence of doxycycline ( Fig. 3B ). As a consequence, our mouse model should also display a deletion of Cx43 in beige cells, especially after cold exposure. This is supported by the observed reduction of Cx43 levels in WAT after cold exposure ( Fig. 3C , Suppl. Fig. 2A ). Importantly, this is further corroborated by the significantly reduced coupling of beige adipocytes in response to the DOX treatment ( Fig. 3D , Suppl. Fig. 2B ). The deletion of Cx43 in beige adipocytes reduces cold-induced WAT beiging as judged by Trichrome staining (Fig. 3E ), and by a reduction of signature genes for beiging ( Fig. 3C ).
Cold exposure has been shown to be a powerful way to improve glucose homeostasis in obese mice, and it is postulated that these metabolic improvements are partially driven via the activation of beige adipocytes under these conditions. Deletion of Cx43 and the reduction in sWAT beiging indeed blunts this improvement ( Fig. 3F ). Overall, cold-induced sWAT beiging is reduced in obese mice that were fed 12 weeks high-fat diet (HFD) prior to the cold exposure ( Fig. 3C and 3G ), and deletion of Cx43 further dampens this process (Fig.  3G ). The only moderate increase in sWAT beiging under these HFD conditions in the presence of Cx43 may explain why abolishing Cx43 expression in those beige adipocytes did not result in a substantial change in overall GTT responses ( Fig. 3F ). However, the same data could form the basis for the argument that a more significiant improvement in glucose homeostatis could be achieved if more beige adipocytes were activated in obese mice. The deletion of Cx43 in beige adipocytes led to the accumulation of hepatic lipid droplets ( Fig.  3G ), increased levels of hepatic triglycerides (Suppl. Fig. 2C ), an increase in circulating cholesterol and a trend towards increased circulating high density lipoprotein ( Fig. 3H ). Thus, these data demonstrate an essential role of Cx43 in cold-induced WAT beiging and the associated improvements of glucose and lipid homeostasis.
UCP1-Driven Cx43 Deletion and Adipose Tissue Denervation Impaired WAT Beiging to a Similar Level
Fat pads are innervated by sympathetic fibers, and cold-induced WAT lipolysis and beiging is driven at least partially via activation of sympathetic nerves (Dodd et al., 2015; Rosen and Spiegelman, 2006) . Denervation has been shown to reduce lipolysis, WAT beiging, and increases the fat pad weight (Dodd et al., 2015) . To determine whether Cx43-mediated WAT beiging is downstream of the sympathetic neuronal signaling, an experimental design was employed wherein unilateral denervation of WAT with sham procedure on the collateral side was implemented; after 2 weeks recovery from surgery, the mice were exposed to the cold for one more week (Fig. 4A ). Fat pad weights increased by 25.3% after denervation in control mice. Cx43 KO mice have approximately a 10.5% increase of weight in shamoperated fat pad when compared to control mice (no statistical significance), denervation failed to increase the fat pad weights in Cx43 KO mice (Fig. 4B ). Denervated inguinal fat pad weights normalized to the sham fat pad weight in the same mouse was 25.3% in wildtype mice, compared to the 4.6% in Cx43 KO mice. Denervation greatly reduced coldinduced WAT beiging in control mice ( Fig. 4C and 4D) , and as expected, Cx43 KO mice had reduced WAT beiging in the sham fat pad. There was no further significant reduction in WAT beiging with the combination of Cx43 deletion and denervation ( Fig. 4C and 4D) . A similar pattern was also observed in beiging signature genes (Fig. 4E ). In summary, UCP1driven Cx43 deletion and denervation impaired WAT beiging to similar degrees.
Blocking of Cx43 Channels by 18α-Glycyrrhetinic acid (AGA) Inhibits Sympathetic Activation Induced WAT Beiging
Deletion of Cx43 in beige adipocytes in our mouse model relies on the cold-activation of the UCP1 promoter; however, after deletion of Cx43, WAT beiging is reduced and so is the UCP1 expression, potentially confounding the interpretation of results obtained for studying the role of Cx43 in beige adipocytes. To address this with a pharmacological rather than a genetic approach, we utilized the Cx43 channel blocker 18-α-glycyrrhetinic acid (AGA) and our previously published "brain beiging" model, which activates sympathetic signals by doxycycline-induced expression of Xbp1s protein in POMC neurons (Williams et al., 2014) to investigate the role of Cx43 in sympathetic innervation regulated WAT beiging. AGA has been used to uncouple gap junction channels in various cell culture models, via suggested mechanisms involving phosphorylation or changes in the aggregation of connexin subunits (Dhein, 2004; Le et al., 2014) . Administration of AGA in the diet significantly reduces LY coupling in beige adipocytes (Suppl. Fig. 3A and 3B ), suggesting the dose used in mice is effective. Two days of AGA exposure prompts a trend towards a reduction in Cx43, UCP1 and Cox7a1 gene expression in wildtype mice (Suppl. Fig. 3C ).
Two weeks of Xbp1s overexpression in POMC neurons was previously shown to drastically increase WAT beiging for mice fed on a HFD (Williams et al., 2014) . We treated the same mouse model with AGA (1g/kg in HFD diet containing 600 mg/kg doxycycline) while inducing Xbp1s expression ( Fig. 5A ). As expected, POMC Xbp1s expression reduces WAT weight by about 30%. In contrast, AGA treatment during the same time increases the fat pad weight by 26% (Fig. 5B) . AGA treatment has no impact on the inguinal fat pad weight in control mice that lack expression of Xbp1s in POMC neurons (Fig. 5B ). Trichrome staining and UCP-1 immunofluorescence staining further corroborate that AGA significantly reduces centrally-driven WAT beiging ( Fig. 5C and 5D ). A similar pattern was observed in the expression of WAT beiging signature genes, with all four genes measured displaying at least a 50% reduction after AGA treatment with a 90% reduction for UCP1 and Prdm16 expression ( Fig. 5E ). AGA failed to suppress beiging signature genes in control group, likely due to already suppressed expression levels of those genes after 2 weeks of HFD treatment. 
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WAT Specific Cx43 Overexpression Promotes Beiging at Room Temperature
Using a genetic model as well as a pharmacological inhibitor, we have implicated Cx43 channel activity in sympathetic neuronal signal-activated WAT beiging. Decreased Cx43 expression is observed in multiple tissues upon lipid overload, including in adipose tissues after a HFD challenge (Elmes et al., 2011; Keller et al., 2008; Noyan-Ashraf et al., 2013) . Cx43 expression has an inverse correlation with glucose and insulin levels, and is implicated in aging and obesity in two mouse strains (Keller et al., 2008) .
To complement the studies above, we decided to test whether Adeno-Associated Virus (AAV)-mediated WAT-specific Cx43 overexpression can promote WAT beiging at room temperature, a temperature that is considered to be below thermoneutrality for mice and causes a mild cold stress (Fig. 6A ). 4 weeks after AAV injection directly into the fat pads, a 10-fold increase in Cx43 gene expression can be achieved (Fig. 6E) ; this is accompanied by about 7% reduction in fat pad weight compared to YFP-AAV virus injection in a control fat pad (Fig. 6B) . Multiple beiging genes are upregulated in Cx43 AAV-injected fat pads (Fig.  6E ). Histological analysis demonstrates an increase in WAT beiging in Cx43 AAV-injected fat pads ( Fig. 6C and 6D ). All of the mice in this cohort were single-housed at room temperature to reduce the variability in the individual degrees of WAT beiging.
A separate cohort of mice was injected with Cx43 and YFP AAV, but were housed at 30°C ( Fig. 6H ). Under thesese conditions, the Cx43 AAV mediated beiging effects were abolished ( Fig. 6F-6J) , while a similar level of Cx43 overexpression was achieved. This suggests that Cx43 amplifies sympathetic neuronal signals elicited by mild cold stress. Overexpression of Cx43 in the absence of sympathetic stimuli therefore does not promote WAT beiging.
In addition, we generated a mouse line that placed the mouse Cx43 gene (Gja1) under the TRE promoter. These mice (TRE-Cx43) were then crossed with adiponectin-rtTA mice and exposed to diet containing 10mg/kg doxycycline. Under these conditions, the mice displayed an increase of Cx43 at physiological levels, comparable to what can be seen after cold exposure in WAT ( Fig. 6K and 6L ). Those Cx43 transgenic mice also displayed a reduced fat pad weight, higher UCP1 expression and beiging of the WAT (Fig. 6N and 6O) .
A Working Model of How Cx43 Facilitates the Propagation of WAT Beiging Signal
Cx43 is required for propagation of neuronal signals to induce beiging of WAT. We want to address the question whether adipocyte Cx43 expression is subject to neuronal regulation, and if so, how do sympathetic neuronal signals regulate Cx43 transcripts and channel activities? cAMP is a second messenger that is generated in cells receiving sympathetic neuronal input. cAMP activates the gap junction channel via phosphorylation and hemichannel assembly (Dhein, 2004; Nihei et al., 2010; TenBroek et al., 2001) . Specifically, intracellular injection of cAMP enhances the cell-to-cell coupling in cardiac fibers (De Mello, 1984) . Beyond direct activation of the gap junction channels, cAMP also increases Cx43 expression in the heart and in several cell lines (Dhein, 2004; Oyamada et al., 2013) . In fact, this mechanism can be extended to adipocytes: a cell permeable cAMP analog 8-Bromo-cAMP treatment leads to a more than 2-fold increase in Cx43 expression ( Fig. 7A 
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Based on our data and previously published literature, we propose a working model of coldinduced WAT beiging: cold-activated sympathetic nerves stimulate a subset of adipocytes via synapses, leading to an intracellular increase of cAMP, mitochondrial oxidative capacity and transdifferentiation to beige adipocytes. cAMP in turn upregulates Cx43 expression and assembly to allow enhanced diffusion to adjacent adipocytes that are not directly innervated by sympathetic nerves to elicit clusters of WAT beiging (Fig. 7B ).
Discussion
Our studies describe the increase of Cx43 gap junction channel activity after neuronal stimulation as a vital step for proper beiging of WAT and the signal propagation from an adipocyte receiving a sympathetic signal to a cluster of adipocytes in close proximity. The expression of Cx43 is directly upregulated by cAMP in cultured adipocytes. Previous studies describe the activation and opening of the Cx43 channels by cAMP (Dhein, 2004) . This represents a well-designed strategy for the central nervous system to actively control peripheral tissue metabolism in response to environmental cues. Interestingly, different connexin channels have distinct selectivity for negatively charged solutes involved in metabolic/biochemical coupling, and Cx43 channels show 7 to 10 times more permeability to cAMP than other channels such as those formed by Cx40 or Cx26 (Kanaporis et al., 2008) . This may explain why Cx43 is the connexin of choice to be upregulated during WAT beiging.
Human brown-like fat depots can be induced in response to the cold, but this response is diminished in older and obese subjects (Ouellet et al., 2011) . In rodents, increasing WAT beiging increases energy expenditure and opposes diet-induced obesity and glucose intolerance (Seale et al., 2011) , whereas genetically blocking WAT beiging by deletion of critical factors such as Prdm16 promotes obesity and insulin resistance (Cohen et al., 2014; Seale et al., 2011) . Notably, those brown-like fat depots in adult humans have molecular signatures more closely resembling rodent beige fat than classical brown fat (Lidell et al., 2013; Wu et al., 2012) . Altogether, these studies suggest that promoting beige adipogenesis may be a viable strategy to improve metabolic phenotypes, certainly in rodents and potentially in humans.
Some studies suggest that WAT beiging can be a cell-autonomous process (Ye et al., 2013) . Subcutaneous WAT normally responds to cold exposure with the release of free fatty acids and the induction of the beiging process, whereas dermal WAT (dWAT) reacts to the mild cold exposure with significant expansion of its thickness (up to 4-fold), (Kasza et al., 2014; Kruglikov and Scherer, 2016 ), suggesting a non-cell-automomous and likely neuronally controlled response of different fat depots in coordinating the response to the cold exposure. Additionally, fasting-induced activation of AgRP neurons can suppress cold-induced beiging, further highlighting the significance of neuronal control of WAT beiging (Ruan et al., 2014) . As previously mentioned, WAT is not well innervated compared to BAT (Murano et al., 2009) . Therefore, a strategy to maximize the interactions with clusters of adipocytes for the effective propagation of neuronal signals in response to environmental stimuli is essential. In our studies, we identified Cx43 as a critical link in this process.
Another critical question is what the role of Cx43 is in lipolysis. One interesting observation is that fasting does not increase Cx43 expression in either WAT or BAT (Suppl. Fig. 4A,  4B ). Fasting does not affect UCP1 levels either (Suppl. Fig. 4C, 4D) , this is despite that fasting is a much stronger stimulus for WAT weight loss. We conclude that the role of Cx-43 in coupling adipocytes is cold-induced and beiging-specific.
In fact, regulation of Cx43 expression also plays an important role in white adipocyte development. In vitro adipogenesis can be classified into 3 stages: mitotic clonal expansion, differentiation and lipid droplet accumulation. Gap junctions, especially Cx43 are required for the mitotic clonal expansion (Yanagiya et al., 2007) . However, elimination of gap junctional activity is required for late stage adipocyte maturation, especially for lipid droplet accumulation (Azarnia and Russell, 1985; Yeganeh et al., 2012) . The addition of dibutyryl cyclic AMP to already differentiated adipocytes resulted in a loss of lipid droplets and simultaneously increased junctional permeability, although no specific connexin was identified in this study (Azarnia and Russell, 1985) . The changes in junctional permeability during the SVF differentiation process coincide with the changes in Cx43 expression levels ( Fig. 7C ), suggesting that Cx43 is the major connexin protein in this physiological process. This inverse correlation between Cx43 levels and lipid droplet accumulation suggests a critical role for eliminating Cx43 and gap junction activity in lipid accumulation during the final stages of adipocyte differentiation.
Additionally, there are numerous positive correlations of increased adipogenesis with inhibition or loss of Cx43 channel activity in many different cell types beyond adipocytes. For example, inhibition of Cx43 by AGA induces phenotypic changes of skeletal muscle cells to enter adipogenesis (Yamanouchi et al., 2007) . Inhibition of gap junctional communication induces the trans-differentiation of osteoblasts to an adipocytic phenotype in vitro (Schiller et al., 2001) . Similarly, a genetic mouse model with a Cx43 loss of function mutation leads to extensive adipogenesis in bone marrow (Zappitelli et al., 2015) , further cementing the strong correlation between the inhibition of gap junctional activity and the degree of adipogenesis in multipotent cells that have the capacity to undergo adipogenesis. In contrast, the TRPV1 agonist capsaicin increases Cx43 in mesenteric fat, and improves metabolic function during diet-induced-obesity , even though a direct role in the metabolic improvements is hard to prove in this context. All of these phenotypic observations firmly highlight the inverse correlation of Cx43 levels, adipogenesis and lipid accumulation. It remains unknown whether all these different cell types actively suppress adipogenesis through a neuronal mechanism, and the degradation of Cx43 isolates individual cells from that inhibitory neuronal activity. Alternatively, Cx43 may inhibit adipogenesis and lipid accumulation independent of it gap junctional activities, which is beyond the scope of this paper.
A comprehensive gene expression analysis of ob/ob vs control mice at two different ages revealed an inverse correlation of Cx43 levels with serum glucose and insulin, indicating a role of Cx43 in obesity for both the B6 and the BTBR mouse strains (Fig. 7D) 
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Author Manuscript 2008). The difference in Cx43 immunofluorescence signal between human deep neck fat (beige/brown adipose) and white adipose tissue ( Fig. 7E ) and the differentiated gene expression levels between the two fat depots (Fig. 7F ) both confirm the positive correlation of Cx43 with tissue oxidative capacity in human subjects as well. Intuitively, a pharmacologic increase of Cx43 expression or activation of Cx43 channels may be an effective approach to combat lipid accumulation in obesity and other metabolic diseases.
In summary, we used both genetic models and pharmacologic methods to achieve gain-offunction and loss-of-function of Cx43 gap junction activity during WAT beiging. We demonstrate that Cx43 is necessary and sufficient in propagating a sympathetic neuronal signal to mediate WAT beiging. We identified Cx43 as the major connexin isoform in the regulation of this junctional activity in response to sympathetic neuronal signals. These observations fill a gap in our understanding of how neuronal signals regulate peripheral responses to environmental cues in a timely manner. It also suggests that approaches aimed at pharmacological increases and activation of Cx43 may hold promise to manipulate WAT beiging and potentially improve whole body glucose homeostasis.
EXPERIMENTAL PROCEDURES Mice
Connexin 43 (Gja1) floxed mice (#008039) and TRE-Cre mice (#006234) on the C57BL/6 background were purchased from the Jackson Laboratory. UCP-1 rtTA (Sun et al., 2014) mice and TRE-Cx43 mice were generated and characterized in our laboratory. They were on a pure C57BL/6 background. All animals were kept on a 12 hr light-dark cycle in a temperature-controlled environment (room temperature: 22°C, cold: 6°C or thermoneutrality: 30°C). Mice were free to access water and either fed on a standard chow diet or 60% high fat diet with or without indicated amount (10 mg/kg or 600 mg/kg) doxycycline (BioServ). AGA (1g/kg, Sigma) was blended into the diet for the indicated times. All animal procedures have been approved by the Institutional Animal Care and Use Committee of UT Southwestern Medical Center at Dallas.
Human Subjects
Human omental adipose tissue samples were collected from metabolically healthy obese patients who underwent bariatric surgery at the University of Texas Southwestern Medical Center (UT Southwestern). Details on collection of the deep neck adipose tissue samples were described previously (Cypess et al., 2013) . The tissue collection followed the institutional guidelines and was approved by the Institutional Review Boards of UT Southwestern. All subjects gave written informed consent before taking part in the study.
Lucifer Yellow Dye Coupling
The experimental procedure was adapted from a previous publication (Burke et al., 2014) . Briefly, experiments were performed using an upright microscope (Nikon Eclipse FN1) equipped with a fixed stage and a QuantEM:512SC electron-multiplying charge-coupled device camera, connected to a computer running NIS-Elements AR 3.2 proprietary imaging software. Freshly collected mouse WATs were dissected in patch buffer (110 mM NaCl, 4.7 mM KCl, 14.4 mM NaHCO3, 1.2 mM MgSO4, 1.2 mM NaH2PO4, 2.5 mM CaCl2 and11.5 mM glucose, at pH 7.3 and bubbled with 95%O 2 /5% CO 2 .). Individual adipocytes were visualized and injected with the fluorescent dye Lucifer Yellow (Sigma) 2.5% in 0.5 M LiCl from micropipettes. The dye-injected cells and their neighbor cells were imaged with the digital camera 10 minutes after the dye injection. Multiple injections from tissues collected from at least 3 different mice were used for quantification.
Metabolic Measurements
Glucose tolerance tests (1.25 g/kg glucose was used for lean mice, 0.75 g/kg glucose was used for obese mice) and blood glucose were performed as described previously (Wang et al., 2015) . Serum parameters (Albumin, Aspartate transaminase, Alanine transaminase, Bilirubin, Cholesterol, Triglyceride, and Direct high density lipoprotein) were measured by a VITROS analyzer (Ortho Clinical Diagnostics) at UT Southwestern metabolic phenotyping core.
Sympathetic Denervation
Mice received 10 micro injections of vehicle or 6-hydroxydopamine [6-OHDA (Sigma)] 1 μl per injection, 9 mg/ml in 0.15 M NaCl containing 1% (w/v) ascorbic acid] per each inguinal fat pad after isoflurane anesthesia as described previously (Chao et al., 2011) .
Other Experimental Procedures
Immunofluorescence, rAAV Vector Construction and Packaging, Gene Expression Analysis, SVF Culture and Adipocyte Differentiation, Body Temperature Measurements and Liver Lipid Assays are described in Supplemental Information.
Statistical Analysis
Results are shown as mean ± SEM. Unless otherwise indicated, the comparisons were carried out using unpaired Student's t test or one-way ANOVA followed by post hoc comparisons using Bonferroni post-hoc test. p values <0.05 were considered statistically significant.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Repeat acute cold tolerance test of the mice previously exposed to the cold for 3 weeks (n = 5-6). G. Trichrome staining of BAT from mice exposed to the cold for 3 weeks. Scale bar = 50 μm. H. Body temperature change during the chronic cold exposure (n = 5-6). I. Body weight gain during 3-week cold exposure (n = 5-6). Results are shown as mean ± SEM, *p < 0.05. 
